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Abstract
Herein, a simple and novel method was used to synthesize a new structure of graphene which can be called hollow graphene.
First, the ZnO-Graphene QDs synthesized by solution method and then ZnO QDs were dissolved from this structure using an
acidic solution to obtain hollow structure of graphene. Afterward, this structure was used in PbS QDs solar cell in order to
improve the transport of electron and decrease the recombination of the carriers. A power conversion efficiency of 5.3% was
obtained using hollow graphene as a fast electron extraction layer due to the enhancement of EQE and current density. The
improvement of PCE in this device was corresponded to efficient photosensitized electron injection from the conduction band of
PbS QDs to the LUMO levels of hollow graphene and slow carriers recombination.
© 2015 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT.
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1. Introduction
  PbS quantum dots (QDs) have received considerable attention in the past decade due to their low-cast solution
processing, bandgap tenability by control the size, and multiexciton generation make them particularly attractive as
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an active absorbing layer in optoelectronic devices such as solar cells [1-5]. Most prior solar cells, schottky or
heterojunction structures, exploit a p-type layer like PbS QDs [4-7]. A worldwide effort to enhance device efficiency
has led to certified device performances of a remarkable 8.6%[8] because of using a solid-state ligand exchange,
wherein the long-chain ligand oleic acid (OA) has been replaced with 1,2-ethanedithiol and pyramid-shaped
electrodes employed in a hierarchically structured device to improve the light absorption, respectively. In order to
improve the device performance, not only surface engineering of the PbS QDs but also the interface engineering of
the device structure should be taken into consideration. That is to say, the electron extraction rate and its mobility
are as important as, if not more important than, solid state ligand exchange and atomic passivation. Recently,
numerous studies have focused on graphene due to its promise electronics properties and its role as a fast electron
funnel in an optoelectronic device [9-16]. In our previous works [17-19], we synthesized PbS/G nanocomposite by
supercritical method and used it as an active layer for solar cell device. Also, we used grapheme quantum dot as a
passivation agent for PbS QDs and fabricated solar cell device with an efficiency up to 4.1%.
Here, we synthesized a new structure of graphene, which it can be called hollow graphene using a very simple
method. First, we synthesized ZnO/graphene QDs by a solution processing method and then removed the ZnO QDs
from the structure to make hollow graphene using an acidic solution. Afterward, we deposited a thin film of hollow
graphene as an interfacial layer between electron transfer and active layers in PbS QDs solar cell and improved the
PCE of devices from 4.1% to 5.3%.
2. Experiment
2.1.  Synthesis of graphene oxide
Modified Hummers method was used to synthesize graphene oxide (GO) using graphite powder.[1] First,  2.0  g
graphite powder and 1 g NaNO3  and 46 ml cooled H2SO4 (0°C) were mixed. Then, 6 g KMnO4 was added
dropwise during stirring for 2 hours and then stirred in a water bath (30°C) for 30 minutes. Afterward, 100 ml
deionized water was slowly added and the temperature was increased to 98°C. The mixture was maintained at this
temperature for 30 minutes. Finally, the reaction was terminated by adding H2O2 solution (20 ml, 30%) followed by
adding 300 ml deionized water until the color of the mixture was changed to brilliant yellow, indicating the
oxidation of pristine graphite to GO. Afterward, the mixture was filtered and washed with diluted HCl to remove
metal ions. The product was washed several times with distilled water until the pH reached 7 and finally dried in
Petri dishes at room temperature.
2.2.  Synthesis of PbS quantum dots
In order to synthesize PbS QDs, a solution of 210 ȝL of TMS in 10 mL of 1-octadecence (ODE) was swiftly
injected into a three-necked flask containing 0.45 g of PbO, 3 mL oleic acid, and 18 mL of ODE which were mixed
at 110 °C for 16 h. The temperature and reaction time were 120 °C and 10 min, respectively. The reaction product
was separated by centrifugation (4000 rpm), washed several times with methanol and acetone, and re-dispersed in
octane.
For the Cd doping of PbS QDs, we adapted the procedure previously reported in literature for PbS QDs.[2] A solution
of 2 mmol of CdCl2, 0.1 g TDPA and 10 ml oleylamine were mixed in a flask and maintained at 100°C for 30 min to
obtain a transparent light-yellow solution. Then, 4 ml of Cd-containing solution were mixed by 12 ml of the octane
solution of PbS QDs (80 mg/mL) and maintained at 60 ºC for 2 h, followed by washing  and re-dispersion of the
resulted QDs in octane.
2.3. Synthesis of ZnO/graphene QDs
0.92 g Zinc acetate dihydrate was dissolved in 200 ml of DMF. Then, a solution of 40 mg GO dissolved in DMF
using ultrasonication was added dropwise during stirring to form a stable precursor. Afterward, this solution was
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maintained at 95 ºC for 5 hours until the color of solution changed to white-greyish and as a result, ZnO/graphene
QDs formed. The product was washed several times with ethanol by centrifugation, and finally with DI water. The
final ZnO/graphene QDs was obtained after drying the product at 55 ºC.
2.4. Synthesis of Hollow graphene
In order to synthesize hollow graphene structure, an acidic solution of HCl (5% wt) was used to dissolve the ZnO
core from ZnO/graphene QDs. In this regard, ZnO/graphene QDs were dispersed and maintained in this acidic
solution at room temperature for 2 h. Finally, the product was washed several times with DI water by centrifugation
and redistributed in ethanol.
2.5. Device fabrication
FTO glasses with ohmic sheet resistance of 8  were provided from HARTFORD GLASS, USA. They were
cleaned by immersion in de-ionized (DI) water (Milipore, 18 M -cm) containing 3 vol% Triton X-100 and
sonicated for 30 min, rinsed with water, sonicated in isopropanol for 30 min, sonicated in a DI batch for 30 min and
finally dried under nitrogen flow.
A 300-nm-thick mesoporous TiO2 layer composed of 20 nm-sized particles was spin-coated on FTO substrates at
5000 rpm for 45 s using a commercial TiO2 paste (Dyesol 18NRT, Dyesol) dispersed in ethanol. After drying at 125
°C,  the  TiO2 films were annealed at 500 °C for 30 min and cooled to room temperature, followed by TiCl4
treatment.[2] In this regard, the substrate immersed  in 50 mM TiCl4 aqueous solutions for 30 min at 70 °C, and
rinsed with DI water and ethanol, followed by annealing at 550 °C for 30 min in air to form a n-type layer of TiO2.
Then, a 80-nm-thick layer of hollow graphene were coated on TiO2 substrate using electrophoretic deposition
(EPD). For the EPD process, the electrodes were mounted parallel to each other with a distance of 10 mm in a 25 ml
of hollow graphene solution. The applied voltage (DC) was 100 V and the duration of the process was 20 min.
Afterward, the substrate was washed by DI water and dried using nitrogen gas. In order to fabricate PbS QDs on the
substrate, deep coating method was employed. Thus, the substrates were first dipped into 30 mL beakers containing
15 mL solution of 0.05% MPA in methanol for 5 s, then left to dry for 5 min. Then, the substrates were dipped into a
beaker containing 15 mL of 7.5 mg/mL Cd-doped PbS quantum dots in hexane for 30 s, and left to dry for 5 min.
Afterward, the substrates were dipped into  a beaker containing 25 mL of 0.2% MPA in methanol solution (solid-
state exchange) for 3 s followed by 60 s drying. Finally, the substrates were rinsed in a beaker containing 25 mL of
pure methanol for 5 s and dried for 2 min. These processes were repeated for 12 times. Finally, the top contact
MoO3/Au layers (25 nm/100 nm) were deposited by thermal evaporation at a rate of ~0.8 $
$
/s.
Cd-doped PbS QDs layer was deposited on TiO2 substrate was as a reference sample and its process was reported in
the literature.[2]
3. Results and Discusion
    In order to fabricate hollow graphene structure, ZnO/graphene QDs were synthesized using a simple solution
process with the reaction below:
Zn(CH3COO)2·H2O + (CH3)2NC(O)H         ZnO + (CH3COO)2CHN(CH3)2 + H2O
    In this reaction, the embryo ZnO QDs were nucleated in the early stages from a DMF solution containing zinc
acetate  dihydrate  and  GO  and  then  grown  to  a  size  about  4  nm.  Figures  1  showed  the  characterization  of
ZnO/graphene QDs which were likely formed in two reactions at the surface of the embryonic ZnO QDs. First of
all, Zn2+ ions on the surface of ZnO reacted with GO functional groups and as a result Zn–O–C bonds were locally
created [19]. Secondly, Zn2+ ions bonded to GO to establish Zn–O bonds and combined with embryonic ZnO QDs.
During this process, the chemical exfoliation of GO was occurred and a partially wrapped ZnO QDs with GO or a
quasi-core–shell structure were created [20].
    HRTEM images of the ZnO/graphene QDs including of lattice scale fringes of graphene nanoshell and ZnO core
were illustrated in Fig. 1a,b. The interatomic spacing of graphene nanoshell and interplanar spacing of ZnO QDs
were 0.14 nm and 0.26 nm (for (002) plans), respectively, which had a well agreement with literature [21]. Figure
1c,d showed the XRD and Raman spectra of ZnO/graphene QDs. Bragg peaks corresponding to ZnO and graphene
were observed simultaneously in the XRD pattern of this film. Raman spectra of the ZnO/graphene QDs indicated
41 Mohammad Mahdi Tavakoli et al. /  Procedia Engineering  141 ( 2016 )  38 – 46 
that G peak splits into two sub-bands, namely G+ (1,592.7 cm-1) and G- (1,566.6 cm-1) which was most probably
resulted from strain [19].
Fig. 1: The characterization of ZnO/grapheme QDs, HRTEM images, (a) low magnification, (b) lattice scale fringes of graphene nanoshell and
ZnO core, (c) XRD pattern, and (d) Raman spectrum.
    Hollow  graphene  structure  was  synthesized  by  using  a  simple  acidic  solution  of  HCl  (5  wt%)  to  dissolve  ZnO
core in quasi-core-shell structure of ZnO/graphene QDs. As can be seen in Figs. 2 and 3, the characterization of
hollow graphene structure was studied by HRTEM, FESEM, XPS, UV-visible, and Raman tests. Figure 2a,b
showed the HRTEM images of the hollow graphene structure and as can be seen clearly here, after removing ZnO
cores, a nano porous  structure of graphene was established which can be promising for optoelectronic devices.
Figure 2c illustrated the EDAX analysis of hollow graphene resolved from the region as marked A in Fig. 2b.
According to this chemical analysis, ZnO core was dissolved and removed completely and there were not any
impurities in the hollow graphene structure. Also, the lattice scale fringes of hollow graphene taken from the region
as marked B in Fig. 2b were illustrated in Fig. 2d. Here, the hexagonal structure and interatomic spacing of 0.14 nm
confirmed the existence of hollow graphene.
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Fig. 2: HRTEM images of hollow graphene structure (a,b) low magnification, (c) EDAX analysis of hollow graphene taken from the region as
marked A in (b), and (d) lattice scale fringes of hollow graphene resolved from the region as marked B in (b).
    XPS Spectrum of hollow graphene clearly showed the lack of ZnO core in the hollow structure compared with
ZnO/graphene QDs one. The results indicated that the level of the peaks located at 284.6 eV and 531.8 eV are
assigned to the peaks of C1s and O1s, which can be observed in both spectra. But, there were not the ZnO peaks in
the hollow graphene spectrum which means ZnO core completely removed from the structure [20].
Fig. 3: The characterization of the hollow graphene film. (a) XPS spectra of ZnO/graphene and hollow graphene films, (b) Raman spectrum of
hollow graphene film, (c) UV absorption of  ZnO/graphene and hollow graphene layers and, (d) Top view FESEM image of hollow graphene,
inset image is the top view of PbS QDs layer on top of hollow grapheme.
d
43 Mohammad Mahdi Tavakoli et al. /  Procedia Engineering  141 ( 2016 )  38 – 46 
    In addition, The intensity of O1s peak reduced a lot as compared  with ZnO/graphen QDs spectrum due to not
only dissolving of ZnO core but also reduction of oxygen agents on graphene.  Furthermore, the raman spectrum of
hollow graphene confirmed the lack of any impurity in the structure (Fig. 3b). In order to study of the optical
properties of hollow graphene, UV-visible test was employed. As shown in Fig. 3c, after dissolving ZnO core the
absorption peak shifted from 375 nm to 368 nm which has a well agreement with the absorption of grapheme [20].
The  microstructural  of  hollow  graphene  was  studied  by  FESEM  as  shown  in  Fig.  3d  and  the  top  view  image
indicated that this layer is nanoporous and thus, it can work as a template and increase the contact surface between
two different layers. Inset image in Fig. 3d shows the PbS QDs on top of hollow graphene layer. Here, the hollow
graphene structure was employed to improve the efficiency of PbS QDs solar cell due to enhancement of carrier
collection and decrease of recombination. In this regard, PbS QDs were synthesized by using hot injection method
following by Cd doping process as discussed in the experiment part. In order to enhance the carriers life time in PbS QDs,
we doped the dots using cd atoms. Here, Cd can passivate the surface of quantum dots and remove the surface trap states and as a
result, it can increase the photoluminescence quantum efficiency of PbS QDs and PCE of the devices [17-19].
    Figure 4a,b illustrated HRTEM images of PbS QDs with an average size of 3 nm and narrow size distribution.
The interplanar spacing of crystalline structure for PbS QD is 0.295 nm (fig. 4b), which corresponded to the distance
between two (200) planes of the cubic PbS structure. In addition, selected area electron diffraction (SAED) and
XRD pattern of PbS QDs were shown in Figs. 4c and d, respectively. XRD pattern which has a well fitting with the
cubic lead sulfide (JCPDS 02-0699), SAED, and EDS of PbS QDs confirmed the quality and crystallinity of as-
synthesized QDs [18].
Fig. 4: HRTEM images, (a) low magnification, (b) lattice scale fringes, (c) selected area electron diffraction pattern (SAD), and (d) XRD pattern
of PbS QDs.
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    In  order  to  fabricate  PbS  QDs  solar  cell,  a  100-nm-thick  layer  of  hollow  graphene  was  coated  on  TiO2-coated
FTO glass by using electrophoretic method. Afterward, the PbS QDs layer (300 nm) was deep coated on the hollow
graphene substrate followed by MPA ligand exchange and finally top contacts MoO3/Au layers were thermally
evaporated on the active layer at a rate of ~0.8 $
$
/s.  The cross-sectional SEM image of the PbS QDs solar cell
(Fig. 5a) and Fig. 5b showed the schematic architecture of the solar cell device by using hollow graphene layer.
Current density-voltage (J-V) measurements were performed under simulated AM 1.5G solar irradiation. Figure 5c
illustrates the performance of PbS QDs solar cells with and without using hollow graphene layer. Based on the J-V
measurements, PbS QDs solar cell using hollow graphene layer showed the highest efficiency of ~5.3% as
compared with conventional solar cell with PCE of 4.1%. Table 1 showed the figure of merits for these devices. Fig.
5d showed the external quantum efficiency (EQE) spectra of the PbS QDs solar cell devices. As can be seen, The
EQE of the device using hollow graphene and as a result, its current density (Table 1) is higher than pristine device.
This is attributed to the hallow graphene layer in the device structure. As shown in Fig. 5b, hollow graphene layer
has an effective role to improve the PbS device performance due to increase of the contact surface for PbS QDs and
improvement of the carriers extraction and mobility. In sum, the infilteration of PbS QDs into hallow graphene
template can enhance the device performance. The first reason is the enhanced charge transfer efficiency that results
from the highly conducting hollow graphene structure which is evident through a desirable band alignment.
Secondly, the increase of surface contact between PbS QDs and the hollow graphene facilitate the transfer of the
electron from conduction band of PbS QDs to the LUMOs of the hollow graphene, resulting in an efficient charge
transfer through a hopping mechanism [22,23]. Furthermore, the electron transfer occurs much faster than charge
recombination process using hollow graphene structure due to the enhancement of Jsc and EQE [18,19,21]. Also,
highly conductive graphene provides direct and efficient routes for the transportion of the electrons. As a result, the
efficient transport of the photogenerated holes and electrons enhances the current in the external circuit, which
provides high power conversion efficiency [12].
Fig. 5: Characteristics of bulk heterojunction PbS QD solar cells based on hollow graphene act as a fast electron extraction layer. (a) Cross-
sectional SEM image of the device, (b) The schematic of PbS QDs solar cell fabricated on hollow graphene film, (c) J-V curves under 1.5 AMG
indicate the photovoltaic performance of the heterojunction devices, (d) EQE spectra determine the role of hollow graphene layer on the quantum
efficiency of the PbS QD film.
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Table 1. Figure of merits for the prepared PbS QDs solar cells based on hollow graphene and conventional device
device Voc  (v) Jsc (mA/cm
2) Fill factor (%) PCE (%)
Conventional deivce 0.58 ± 0.04 13.7 ± 1.1 52 ± 3 4.1±0.2
Device based on hollow graphene 0.59 ± 0.07 18 ± 1.7 50 ± 4 5.3±0.1
4. Conclusions
    In summary, we have suggested the use of a simple solution process to synthesize a novel structure of graphene
which can  be  called  hollow graphene.  Here,  in  order  to  study the  ability  of  this  structure,  we fabricated  PbS QDs
solar using deposition of a thin film of hollow graphene between TiO2 and PbS QDs layer to improve charge
extraction. The device measurements exhibited a highly efficient of PbS QDs solar cell using hollow graphene with
PCE of 5.3% because of the enhancement of EQE and current density. The improvement of PCE in this device was
corresponded to efficient photosensitized electron injection from the conduction band of PbS QDs to the LUMO
levels of hollow graphene and slow carriers recombination.
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